A new approach to increase the selectivity of interaction between oligonucleotide probes and target nucleic acids is described. In place of a single, relatively long oligonucleotide probe, two or three short oligomers terminated by thiophosphoryl and bromoacetamido groups are employed. Fast and efficient autoligation takes place when the oligomers hybridize in a contiguous mode to the same complementary strand such that a thiophosphoryl group on one strand and a bromoacetamido group on another are brought into proximity. A single nucleotide mismatch for the short probes leads to marked reduction in the rate of autoligation. The binding affinity of the product is close to that for a natural probe of the same length. This approach could have potential in oligonucleotide-based diagnostics, chemical amplification systems, and therapeutic applications.
INTRODUCTION
Synthetic oligonucleotides are being extensively used as sequencespecific antisense agents (1-3), as well as probes for hybridization based detection assays of nucleic acids (4, 5) . One of the problems remaining to be resolved, and especially relevant to antisense applications, concerns the formation of complexes with targets that are not fully complementary. Relatively long oligomers (e.g. ~20-mers) are needed to provide a unique sequence and a high binding affinity in targeting human genetic segments; however, the longer oligomers are not highly selective as antisense agents (6) . Short oligomers (e.g. 7-12 mers), which bind with low affinity, are much more effective in discriminating between complementary strands and targets containing one or more mismatches. We describe here an approach designed to capitalize on the positive features of both the longer and the shorter oligomeric agents (7) . It is based on in situ chemical ligation of relatively short oligonucleotide fragments bearing electrophilic bromoacetamido and nucleophilic phosphorothioate monoester groups at their termini. As previously reported, rapid and efficient autoligation (ligation without condensing agents) takes place when such oligomers hybridize in a contiguous mode to a complementary strand (8) .
In testing the effects of mismatches in target sequences on autoligation of relatively short oligonucleotides, we have examined the efficiency of coupling in the following three systems. 
General methods
Ion exchange high performance liquid chromatography (IE HPLC) was carried out on a Dionex Omni Pale NA 100 4 X250 mm column at pH 12 (10 mM NaOH) with a 2%/min gradient of 1.5 M NaCl in 10 mM NaOH; 1 mL/min flow rate. For analyses in System I, the gradient solution also contained MeCN (2% by volume Rechromatography of the product collected from the major peak again yielded the two peaks in about the same ratio. We conclude that the minor peak is a degradation product (probably the hydroxyacetamido derivative) formed on exposing the bromoacetamido derivative to the strongly alkaline solution (pH 12) used in the chromatography. In agreement with this conclusion, the percentage of material in the faster eluting material increased to -60% and then to >90% when the bromoacetyl derivative was exposed to a solution at pH 12 for 1 hr and for 2.7 hr, respectively, before chromatography.
Compounds for Systems II and HI
These compounds were prepared as described for the oligomers in System I and in reference 8-10. Some physico-chemical characteristics of the oligonucleotides are summarized in Table  1 . Oligomer 6 proved to be considerably more stable than oligomer 2 in solution at pH 12. On direct IE HPLC at pH 12 only about 3% was hydrolyzed, and after standing in a pH 12 solution for 4 hr, chromatography at pH 12 showed only about 12% conversion to the faster eluting product. The hydrolysis rate of the bromoacetyl derivative is therefore related to the oligonucleotide sequence, and in the case of oligomer 2 may be enhanced by the proximity of a guanine residue.
Ligation experiments
Ligations were carried out with 1 /M solutions of each oligomer in an aqueous solution (buffer I: 15 mM sodium phosphate and 0.2 M NaCl, pH 7.0; or buffer II: 20 mM MES and 20 mM MgCl 2 , pH 7.05; or buffer HI: 0.1 M NaCl). At the end of the designated time an aliquot was injected in the HPLC unit for IE chromatography at pH 12. This pH was selected to denature oligonucleotide complexes in the system. The structure assigned to ligation product 3 is supported by the elution time on IE HPLC (close to values for 16-mers 4a-c) and the melting curve for the complex of 3 with 4a; Tm = 56 °C for 4 /*M of the complex in 0.1 M NaCl. Under the same conditions Tm = 62°C for a natural phosphodiester duplex with the same nucleotide sequence. In addition to the elution time on IE HPLC, mobility on gel electrophoresis, and Tm value for thermal dissociation of the complex formed with a complementary oligonucleotide (see Table  1 ), the structures assigned to compounds 7 and 11 were supported by selective cleavage of the -NHCOCH 2 SPO 2 -links with Nal 3 by the procedure described in reference 8.
RESULTS AND DISCUSSION
Ligation studies with CCTCTATT-OP(O)(OH)S" (1) and BrCH 2 C(O)NH-TGTCATCC (2) (System I) were carried out in solutions 1 IJM in each oligomer at pH 7.0 (15 mM sodium phosphate and 0.2 M NaCl). Products were analyzed by ion \i MINUTES Figure 2 . IE HPLC of products formed in 5 min in buffer II at 0°C for: A, Systems II (5 + 6 + template 8a); B, System III (5 + 9 + 10 + template 8a); C, System III without any template (5 + 9 + 10). The peaks at -23 and 25 min correspond to template 3a and ligation product 7 or 11, respectively; the peaks at -17, 18, and 22 min correspond to oligomers 10, 9, and 5.
JL
UJwV, Figure 3 . IE HPLC of products formed after 2 hr in buffer HI at 23°C for: A, System III with fully complementary template 8a; B, System HI with mismatched template 8b. C, Products of cleavage of 11 with Nal 3 followed by DTT according to reference 9; note that 11, which elutes at ~26.5 min, was transformed to three oligonucleotide cleavage products, eluting at -17, 18, and 20 min.
MINUTES
exchange HPLC at pH 12. In absence of a template, no ligation was observed for reactions carried out for 45 minutes at either 0°C or 30°C. In marked contrast, rapid ligation occurred when an appropriate template was present. HPLC profiles are shown in Figure 1 for reactions carried out for 5 minutes at 0°C or 30°C in presence of a template (~ 10 % excess template) that was either fully complementary or contained one mismatch. The tallest peak in each profile corresponds to the template. The ligation product is the peak eluting immediately after the template (compound 4a) in Figure 1A ,B and just before the template (compound 4b or 4c) in Figure 1C ,E. Residual thioate (1) appears at 16.5 minutes and the residual bromoacetamido derivative appears as a double peak at 14.5 and 15.3 minutes (the 14.5 peak is formed during chromatography at pH 12; see experimental section). At 30°C the ligation efficiency is markedly dependent on proper base pairing. From the peak areas we estimate that the conversion of 1 and 2 to 3 was approximately 75 % when the fully matched template (4a) was present ( Figure IB ), but ligation amounted to less than 5 % when a single mismatch occurred in a segment of the template binding to either oligomer 1 ( Figure ID ) or to oligomer 2 ( Figure IF) . Proper base pairing proved to be much less important at 0°C, where the binding affinity is much greater even when the template has a mismatched base. At this temperature, conversion to the ligated product amounted to 85%, 78%, and 74% for mixtures containing 4a (matched template, Figure 1A ) and 4b, and 4c (mismatched templates, Figure 1C ,E), respectively (11).
These results are supported and extended by work with another sequence involving double (System HI) as well as single ligation (System II) of the modified oligonucleotides. After 5 minutes of ligation in buffer II (20 mM MES containing 20 mM MgCl 2 ) at 0°C, yields of the 26-mer products of ligation from System II (7) and System m (11) were -97% (Figure 2A,B) . Practically no ligation was observed in System HI when the template was absent ( Figure 2C ). Ligation on mismatched template 8b at 0°C produced 7 and 11 in yields of 97% and 67% respectively, probably as a consequence of formation of partially complementary complexes. Better discrimination was achieved in low salt buffer III (0.1 M NaCl) and at a higher annealing temperature. Only 18% of ligation product 7 was observed in System II after 2 hours of reaction with mismatched template 8b at 37°C; at 41 °C the yield was only 7%. Under the same conditions but with fully complementary template 8a the yield was ~98% at both temperatures.
In the four component system (HI) at 23°C, only ~5% of product 11 was detected after 2 hours incubation with mismatched target 8b, in contrast to 94% for the fully complementary template, 8a ( Figure 3A,B) . These data indicate that formation of a duplex is important for an efficient ligation reaction. In Systems n and III a very small fraction of oligomers are in the duplex state with mismatched template 8b at 41 °C and 23°C (Tm's 31.8°C and <5°C; Table 1 ); therefore low yields of ligation products are obtained. In contrast, a substantial fraction of molecules hybridize with fully complementary template 8a under analogous conditions (Tm's 40.8°C and 18.3°C; Table  1 ), resulting in formation of ligation products 7 and 11.
In summary, this approach provides an effective means for discrimination of duplexes containing even a single mismatched base pair and could potentially increase the specificity of oligonucleotide ligation amplification techniques (12) or antisense applications.
